Background-The nitric oxide (NO) precursor L-arginine has been shown to produce variable effects on intestinal absorptive function, including ion transport.
Nitric oxide (NO) is known to have multiple physiological roles. ' 2 In the gastrointestinal system NO can act as an inflammatory mediator, a regulator of intestinal ion transport, and as an inducer of soluble guanylate cyclase, which effects the relaxation of gastrointestinal smooth muscle.3 Production of NO contributes to the preservation of vascular integrity in endotoxin generated gut damage. 6 It has been postulated that endogenous NO regulates the integrity of the intestinal mucosa7
and decreases mucosal permeability due to reperfusion injury.'
Several studies suggest that NO may have favourable effects on transport in the small intestine during normal and pathophysiological states. NO donor compounds stimulate electrolyte transport in the guinea pig intestine in vitro.9 Both L-arginine and the NO donor sodium nitroprusside reduce water and electrolyte secretion in isolated rabbit ileum.'" NO also reduces cholera toxin induced fluid secretion in the rat, as deduced from the systemic administration of L-arginine."1 Similarly, inhibition of NO production seems to be beneficial in experimental colitis. '2 However, under certain circumstances, NO production leads to colonic electrolyte secretion. '3 The principal physiological precursor of NO is L-arginine, a non-essential amino acid which is metabolically processed by the urea cycle. '4 The effects of L-arginine are stereospecific, the natural L-isomer being the active form. NO is synthesised via NO synthase (NOS). Three isozymes have been identified: two constitutive (NOS-I and NOS-III; cNOS) and an inducible form (NOS-II; iNOS).'5 Known inhibitors of iNOS, such as NG-nitro-L-arginine methyl ester (L-NAME), are stereospecific.'6 L-NAME can also modulate water transport in rat jejunum. ' The basal WHO-ORS contained sodium chloride (30 or 60 mM) and trisodium citrate (10 mM), making a total sodium concentration of either 60 or 90 mM, potassium chloride (20 mM) and glucose (111 mM=20 g/l). L-arginine (Sigma, St Louis, MO, USA) was added to the solutions at a 0 5, 1-0, 2-0, 10-0, or 20 mM concentration. Samples from both the 60 mM and 90 mM sodium ORS perfusions were studied by light and electron microscopy in the absence of L-arginine, at the concentration of maximal sodium and water absorption for each ORS and at the highest L-arginine concentration used (20 mM) . Light microscopical studies were done "blind" to assess histological differences and to compare the relative amount The addition of a low concentration of L-arginine enhanced water and electrolyte absorption from both the 90 mM and 60 mM sodium ORS (Figs 1 and 2 ). When L-arginine was added to the 90 mM sodium ORS at a 1 mM concentration, there was a significant increase in the absorption of both sodium and water (Fig 1) . A lower concentration of L-arginine (0-5 mM) produced no alterations over baseline. An increase in L-arginine concentration to 2 or 10 mM dissipated the stimulatory effect. The addition of 20 mM L-arginine resulted in sodium absorption rates lower than the baseline. For both net water and sodium absorption the uptake at the three highest concentrations of L-arginine was L-arginine (mM) Figure 1 ; Mean (SEM) rates of sodium and net water absorption during perfusions of 90mM sodium ORS containing variable concentrations ofL-arginine. *p<O0S0; **p<0.01 compared with 0 mM L-arginine. +p<0 05; ++p<001; +++p<0 0001 compared with maximal absorption rates (1 mM L-arginine). The number of animals is that shown in Table II . In ORS perfusions containing 60 mM sodium, L-arginine exerted its maximum proabsorptive effect on water and sodium absorption at 2 mM (Fig 2) . At ratio peaked at 2 mM and remained raised at 10 mM and 20 mM L-arginine. With 2 mM L-arginine, this ratio was greater than at 0 5 mM and 10 mM L-arginine. The trend toward a higher ratio as the concentration of L-arginine increased was consistent with the decline in water [je] . Despite the lower osmolality of the 60 mM sodium ORS, baseline water net absorption, unidirectional fluxes, and flux ratios were indistinguishable from those of the 90 mM sodium ORS.
GLUCOSE, CALCIUM, AND NITRITE STUDIES
L-Arginine, in concentrations ranging from 1 to 20 mM, generally stimulated glucose absorption from both the 90 and 60 mM sodium ORS (Table III) .
No relation was evident between calcium secretion and water and sodium data. Calcium was secreted under all perfusion conditions, but was greater with 60 mM than 90 mM sodium (Table III) . With the 90 mM sodium ORS, calcium secretion was maximal at 20 mM L-arginine. With the 60 mM sodium ORS, calcium secretion was maximal at 10 mM L-arginine. Calcium release into the lumen was about three orders of magnitude smaller than sodium absorption rates. (3 0) (5-6) (4-0) ( 3 8) (6 5 
Data expressed as means (SEM).
Nitrite measured in the outflow of the perfusates containing 90 mM sodium showed no direct relation with the concentration of L-arginine present. The baseline value of 13-3 (1 6) pmol/minxcm only increased to 30 3 (7 7) pmol/minxcm at 10 mM L-arginine. Nitrite production and release was not determined in perfusions with 60 mM sodium.
MORPHOLOGICAL FINDINGS
Light microscopical studies of jejunal villi focused on the extracellular space of villus mucosa and lamina propria histological compartments. Generally, morphological sodium ORS showed some dilation of intercellular spaces between enterocytes and lamina propria (Fig 3A) . The addition of 1 mM L-arginine to the 90 mM sodium ORS perfusion led to a greatly increased expansion of the mucosal and lamina propria intercellular spaces, a finding consistent with the stimulation of water and sodium translocation from the lumen across the mucosa (Fig 3B) . By contrast, in ORS perfusions with 20 mM L-arginine, mucosal and lamina propria intercellular spaces were reduced and were not readily distinguishable from villi in L-arginine free perfusions (Fig 3C) . The pattern of morphological findings with the 60 mM sodium ORS paralleled those seen with 90 mM sodium ( Figs 4A, B, and C) . With the 60 mM sodium ORS, intercellular space expansion was most evident at 2 mM L-arginine (Fig 4B) , but was reduced in jejunum perfused with 20 mM L-arginine (Fig 4C) .
There was no evidence of structural damage to jejunal villi, or of changes in the number of goblet cells under any of the perfusion conditions. The amount of tannic acid positive material adherent to the brush border varied between animals, but no effect produced by the differing L-arginine perfusion conditions was distinguishable. When examined by electron microscopy villus absorptive cells from 90 mM and 60 mM sodium ORS perfusions were normal in appearance and unaltered by the addition of L-arginine at the concentration producing maximal proabsorptive effect ( Figs  5A and B) . 
Discussion
The results indicate that the addition of relatively low concentrations of L-arginine (1-2 mM) to an ORS can induce positive increments in the rates of sodium and water absorption, when tested in an in vivo jejunal perfusion system in the rat. This effect was seen in ORS with 90 mM as well as 60 mM sodium. These physiological transport data were paralleled by morphological studies showing expansion of the intercellular spaces after perfusion with low concentrations of L-arginine, a finding consistent with increased water and electrolyte absorption. By contrast with the present data, earlier studies with L-arginine indicated induction of water secretion in the rat small intestine.'7 25 26 However, those secretory effects occurred at a relatively high (20 mM) concentration of the amino acid; lower L-arginine concentrations were apparently not tested. In the present study, increasing the concentration of Larginine to 20 mM also produced a decrease in electrolyte absorption with the 90 mM sodium preparations. These results are comparable with those reported earlier with a glucose free solution containing 140 mM sodium.'7 25 26 It should be noted that Larginine retained its proabsorptive effect up to a 10 mM concentration when the ORS contained 60 mM sodium. The enhancement of sodium uptake from the 60 mM ORS was remarkable in that it greatly exceeded the equilibrium point for sodium transport into the jejunum, which is in the 60-65 mM range, as documented in rodent27 and human studies. 28 Amino acids generally tend to increase water and sodium absorption in the small intestine, as a consequence of the sodium cotransport mechanism involved in the translocation of many natural amino acids across epithelia. This explanation is not tenable for L-arginine for several reasons. In the present study the effect of this amino acid was not concentration dependent, whereas a dose-response relation with water and electrolyte absorption has been found in animal experiments with L-alanine and L-glutamine in animals29-31 and in humans.20 32The sodium cotransport linkage is also not applicable, as the y+ system involved in L-arginine transport is considered to be a facilitated diffusion process dependent on a differential in membrane potential.' Amino acids are not uniformly proabsorptive. Glycine, initially postulated as a stimulatory additive, is ineffective at high concentrations; this is probably due to inappropriate sodium: amino acid stoichiometry and increased osmolality.3 Moreover, the transport enhancing effects of L-arginine shown in the experiments presented here took place at concentrations one order of magnitude below those attempted in trials with either L-alanine or L-glutamine. As ". , group.bmj.com on October 21, 2017 -Published by http://gut.bmj.com/ Downloaded from L-arginine in oral rehydration solutions movement with rapid removal into the circulation.
Calcium is normally secreted into the intestinal lumen during perfusions with solutions which do not contain this element. Whereas the presence of citrate in the ORS in our study may impair calcium absorption, it does not alter secretion of the cation. 34 In solutions which omit calcium, such as those used in these experiments, a leakage of this cation into the lumen as sodium enters the cell is therefore expected, and consistent with sodium-calcium exchange across membranes. 35 36 This was clearly the case here, although no correlation was found between water or sodium absorption and calcium secretion. Osmolality may also play a part in this process, as secretory rates of calcium were higher in experiments with 60 mM sodium than with 90 mM sodium. In view of these results it cannot be argued that a calciumsodium exchange is putatively modulated by NO.
The present experimental model has been extensively used in previous investigations intended to compare the effectiveness of ORS with variable concentrations of solutes, osmolality, or additives, with the ultimate goal of improving their effectiveness in sodium transport and water retention in humans. 27 29 30 3 Positive ORS studies on rodents38 have subsequently been applied to clinical trials, especially in infantile diarrhoea of various aetiologies. In a clinical study,39 the ORS which best reduced stool volume in infants and children with diarrhoea was the same which produced the highest rates ofwater absorption in the rat. Similarly, the greatest decrease in sodium losses in the faeces paralleled maximal sodium experimental absorption rates in the experimental model.
